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$EVWUDFW7KHWKHUPDOGLIIXVLYLW\RI3K\OORVWDFK\VHGXOLV0RVR%DPERRKDVEHHQ
GHWHUPLQHGLQWKUHHGLUHFWLRQVRIWKHF\OLQGULFDOFRRUGLQDWHV\VWHPRIWKHFXOP$
IODVKWXEHDQGDQLQIUDUHGFDPHUDV\VWHPZHUHXWLOLVHGIRUWKLVSXUSRVH7KHUHVXOWV
FDOFXODWHGE\WKH0$7/$%SURJUDPPHVHUYHDVDGDWDEDVHIRUQXPHULFDOVLPXODWLRQ
VWXGLHVFRQFHUQLQJWKHKHDWDQGPRLVWXUHWUDQVIHUEHKDYLRXURI0RVREDPERR7KH
SRURVLW\WKHFRPSOH[LW\RIWKHFHOOXODUVWUXFWXUHDQGLQWHUFRQQHFWLYLW\DUHWKHHVVHQWLDO
SDUDPHWHUVLQIOXHQFLQJWKHWKHUPDOGLIIXVLYLW\RI0RVREDPERR 
 
,QWURGXFWLRQ 
7KHUPDOGLIIXVLYLW\7K'LVDSK\VLFDOSURSHUW\WKDWLVH[SUHVVHGDVWKHUDWLRRIWKH
WKHUPDOFRQGXFWLYLW\WRWKHKHDWFDSDFLW\RIDPDWHULDO7KLVSURSHUW\LVDQHVVHQWLDO
FRPSRQHQWRIWKHWUDQVLHQWKHDWFRQGXFWLRQHTXDWLRQ$ODUJHU7K'YDOXHPHDQVWKDW
WKHPDWHULDOZLOOUHDFKDQHZHTXLOLEULXPFRQGLWLRQPRUHTXLFNO\Incropera 1981 and 
Ukrainczyk 2009DVGHVFULEHGLQWKHIROORZLQJHTXDWLRQV ߙߘଶܶ ൌ డ்డ௧   (T  ߙ ൌ ௞஼೛ఘ  (T ǣ ߙ7K'PV7WHPSHUDWXUH.WWLPHV ݇WKHUPDOFRQGXFWLYLW\:
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P. ߩGHQVLW\NJP ܥ௣VSHFLILFKHDWFDSDFLW\-NJ. 
$VLOOXVWUDWHGLQ)LJGHQVLW\LVQRWWKHGHFLVLYHIDFWRUIRUGHWHUPLQLQJWKH
7K'7KHSXUHVROLGPDWHULDOVKDYHUHODWLYHO\KLJKHU7K'YDOXHVIROORZHGE\JDVHV
DQGDOOR\V7KH7K'RISRO\PHUVDQGSRURXVPDWHULDOVLVDWDUHODWLYHO\ORZHUOHYHO
Jams 1968; Blumm and Lindemann 2003; Wilson 2007; Casalegno et al. 2010; 
Bergman et al. 2011,WZDVSRVWXODWHGWKDWSRURVLW\LVDQLPSRUWDQWIDFWRULQWKLV
UHJDUG 
7KH7K'RI0RVREDPERRLQWKHORQJLWXGLQDO/GLUHFWLRQKDVSUHYLRXVO\EHHQ
PHDVXUHGE\DODVHUIODVKPHWKRG:XHWDO+DUDGDHWDODSSOLHGWKLV
PHWKRGIRUZRRGVSHFLHV7KH7K'RI0RVREDPERRYHQHHUERDUGDQGODPLQDWHG
ERDUGKDVDOVREHHQPHDVXUHGShah et al. 2016). +RZHYHUWKHFRUUHVSRQGLQJGDWDLQ
WKHUDGLDO5DQGWDQJHQWLDO7GLUHFWLRQVRIWKH0RVREDPERRFXOPDUHQRW\HW
NQRZQ7K'PHDVXUHPHQWVLQWKHFDVHRIEDPERRDUHFKDOOHQJLQJEHFDXVHRIWKH
KHWHURJHQRXVFKDUDFWHURIWKLVPDWHULDOERWKIURPWKHDQDWRPLFDODQGWKHUPDO
SURSHUWLHVSRLQWRIYLHZ+XDQJHWDO+XDQJHWDO 
7K'RIELRORJLFDOPDWHULDOVFDQEHPHDVXUHGE\DQXPEHURIWUDQVLHQWPHWKRGV
VXFKDVWKHWUDQVLHQWSODWHVRXUFH736DSSURDFKRUWKHKHDWSXOVHDQGODVHUIODVK
DSSURDFKHV+DUDGDHWDO%XUJHVVHWDO'XSOHL[HWDO7KRXJKDOO
PHWKRGVDUHHIIHFWLYHWKHUDSLGIODVKPHWKRGLVPRVWVXLWDEOHIRU0RVREDPERR
EHFDXVHRILWVIOH[LELOLW\LQWHUPVRIWKHVSHFLPHQ¶VGLPHQVLRQV7KHKHDWSXOVH
PHWKRGUHTXLUHVPXOWLSOHWHPSHUDWXUHF\FOHVZKLFKLVWLPHFRQVXPLQJ7KHPLQLPXP
VSHFLPHQVL]HRIWKH736PHWKRGLVUHVWULFWHGE\WKHVL]HRIWKHWUDQVLHQWSODWHVHQVRU
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+RZHYHUWKHEDPERRVSHFLPHQVPXVWEHUHODWLYHO\VPDOOLIWKHHIIHFWVRI
PLFURVWUXFWXUDOYDULDWLRQVDUHRIFRQFHUQ7KHWKLFNQHVVDQGWKHUDGLXVRIWKHEDPERR
DUHWZRIDFWRUVZKLFKUHVWULFWWKHVL]HRIVSHFLPHQVLQWKH5DQG7GLUHFWLRQV  
7KHUHIRUHLQWKHSUHVHQWVWXG\WKH7K'SURSHUWLHVLQWKH57DQG/GLUHFWLRQV
ZHUHREVHUYHGE\WKHIODVKPHWKRG7KLVUHVHDUFKLVUHODWHGWRWKHUPDOLQVXODWLRQRI
EXLOGLQJVDV0RVREDPERREDVHGSDQHOVPD\FRQWULEXWHWRWKLVSXUSRVH$FFRUGLQJWR
DVWDWLVWLFDODQDO\VLVIURP81(3DWOHDVWRQHWKLUGRIJOREDOHQHUJ\XVHLV
DWWULEXWDEOHWREXLOGLQJVEXWPDWHULDOVZLWKKLJKLQVXODWLRQSHUIRUPDQFHFDQPLQLPLVH
HQHUJ\FRQVXPSWLRQ&DVWOHWRQHWDO%DPERRSDQHOVDVIRUDOOELREDVHG
PDWHULDOVKDYHDIDYRXUDEOHOLIHF\FOHSHUIRUPDQFH+DPPRQGDQG-RQHV
%DPERRSDQHOVVWLOOKDYHDFRQVLGHUDEOHRSWLPL]DWLRQSRWHQWLDODQGWKH7K'GDWD
FROOHFWHGKHUHDUHH[SHFWHGWRFRQWULEXWHWRWKLVRSWLPL]DWLRQSURFHVVFRQFHUQLQJWKH
EDVLFKHDWDQGPRLVWXUHWUDQVIHUSURSHUWLHV  
 
0DWHULDOVDQGPHWKRGV 
6SHFLPHQSUHSDUDWLRQ7KH0RVREDPERRFXOPV3K\OORVWDFK\VHGXOLVZHUH
SXUFKDVHGIURP8.%DPERR6XSSOLHV/LPLWHG7KHH[WHUQDOGLDPHWHURIWKHEDPERR
FXOPVUDQJHGIURPWRPP7KHVSHFLPHQVZHUHFXWLQWRWKLQVTXDUHSLHFHV
IURPWKHVHFXOPV7KHVLGHOHQJWKRIWKHVTXDUHSLHFHVZDVPP7KH
WKLFNQHVVRIWKHVSHFLPHQZDVPPThe specimens were oven dried at 103°C 
and stored in a desiccator over CaCl2.%HIRUHPHDVXUHPHQWDOOVSHFLPHQVZHUH
HPEHGGHGLQWRDFU\OLFERDUGVWRILWWKHIUDPHRIWKHIODVKWXEHKHDWVRXUFH)LJ 
 
 
 
)LJ7KHGLPHQVLRQDQGIL[DWLRQRI0RVRVSHFLPHQV 
7KHVSHFLPHQVZHUHFXWLQ57DQG/GLUHFWLRQVIURPERWKWKHLQWHUQRGHSDUW
DQGWKHQRGHSDUWRIWKHFXOPV,QWKH5GLUHFWLRQVSHFLPHQVZHUHFXWIURPWKUHH
SRVLWLRQVQDPHO\WKHH[WHUQDOVXUIDFHPLGGOHSRVLWLRQDQGLQWHUQDOVXUIDFHRIWKH
FXOPZDOO,QWKH7GLUHFWLRQVSHFLPHQVZHUHFXWIURPIRXUSRVLWLRQV7KHDGMDFHQW
SRVLWLRQVGLIIHULQLQWHUYDOV,QWKH/GLUHFWLRQVSHFLPHQVZHUHFXWIURPWKUHH
SRVLWLRQV7KHGLVWDQFHEHWZHHQWZRDGMDFHQWSRVLWLRQVLVPPIRUWKHQRGHSDUWV
DQGPPIRULQWHUQRGHSDUWVUHVSHFWLYHO\7KHVHGLVWDQFHVZHUHGHWHUPLQHGE\
WKHOHQJWKRIWKHQRGHSDUWDQGLQWHUQRGHSDUWRIWKHFXOPV7KUHHVSHFLPHQVZHUH
SUHSDUHGDWHDFKSRVLWLRQIRUWKHPHDVXUHPHQWV 
7KHUPDOGLIIXVLYLW\7K'PHDVXUHPHQWE\WKHIODVKWXEHPHWKRG7KH7K'
ZDVFDOFXODWHGE\(T7KHWKHRU\ZDVGHVFULEHGE\3DUNHUHWDO 
Į /ʌW   (T 
ZKHUH ߙ7K'PV/WKHWKLFNQHVVRIWKHVSHFLPHQPWWKHKDOIWLPHIRUWKH
UHDUVXUIDFHUHDFKLQJSHDNWHPSHUDWXUHV 
7KH7K'PHDVXUHPHQWZDVFRQGXFWHGE\PHDQVRIDIODVKWXEHV\VWHPFDOOHG
WKHUPDOZDYLQJLPDJLQJ7:,(FRWKHUP7KHV\VWHPLQFOXGHVDSXOVHJHQHUDWRUD
 
 
IODVKWXEHKHDWVRXUFHDPLGZDYHLQIUDUHG0:,5FDPHUDDFRQWUROOHUDQGGDWD
UHFRUGLQJ3&V\VWHP)LJ7KHDFU\OLFERDUGZLWKHPEHGGHGVSHFLPHQVZDVIL[HG
LQIURQWRIWKHKHDWVRXUFH7KHWHPSHUDWXUHRIWKHUHDUVXUIDFHRIWKHVSHFLPHQVZDV
PRQLWRUHGE\WKH0:,5FDPHUDDQGWKHGDWDZHUHVDYHGE\3& 
 
)LJ)ODVKWXEHV\VWHPIRUWKHUPDOGLIIXVLYLW\PHDVXUHPHQW 
7KHGDWDEDVHILOHVZHUHSURFHVVHGE\D0$7/$%SURJUDPPHWRLGHQWLI\WKH
IODVKWLPHDQGWKHWLPHDWZKLFKWKHUHDUVXUIDFHDFKLHYHVLWVSHDNWHPSHUDWXUH$IWHU
LQSXWWLQJWKHWKLFNQHVVRIWKHEDPERRVSHFLPHQVWKH7K'UHVXOWVFDQEHFDOFXODWHG
GLUHFWO\E\(T  
&RPSXWHGWRPRJUDSK\&7DQGEDFNVFDWWHUHGHOHFWURQ%6(LPDJLQJ
PHWKRG&7DQG%6(LPDJHVZHUHXWLOLVHGWRLOOXVWUDWHWKHUHODWLRQVKLSEHWZHHQWKH
7K'UHVXOWVDQGDQDWRPLFDOIHDWXUHVRIWKH0RVREDPERR7KH&7LPDJHRIWKH0RVR
EDPERRVSHFLPHQVZHUHFDSWXUHGE\WKH1LNRQ;7+&7VFDQQHU$-(2/-60
VFDQQLQJHOHFWURQPLFURVFRSH6(0ZDVXWLOLVHGWRFDSWXUHWKH%6(LPDJHRI
WKH0RVREDPERRVSHFLPHQVLQWKHKLJKYDFXXPPRGH7KHEXONGHQVLW\DQGSRURVLW\
 
 
RIWKH0RVREDPERRVSHFLPHQVZHUHFDOFXODWHGE\(TDQG(T7KHGHWDLOHG
FDOFXODWLRQZDVGHVFULEHGE\+XDQJHWDO  
ȡEXON *V   (T    ׋ ȡVȡEXONȡVȡD   (T 
:KHUHȡEXON%XONGHQVLW\NJP*V*UH\VFDOH׋3RURVLW\ȡV%DPERRVNHOHWDO
GHQVLW\NJPȡD$LUGHQVLW\NJPDWDWP& 
 
5HVXOWVDQGGLVFXVVLRQ 
7KHUHVXOWVLQFOXGLQJDYHUDJH7K'YDOXHVDQGVWDQGDUGGHYLDWLRQ6W'LQWKUHH
GLUHFWLRQVDUHVXPPDULVHGLQ7DEOH  
7DEOH7K'UHVXOWV 
7KHUPDOGLIIXVLYLW\ 
 PV 
5DGLDOGLUHFWLRQ /RQJLWXGLQDOGLUHFWLRQ 7DQJHQWLDOGLUHFWLRQ   
([WHUQDO 0LGGOH ,QWHUQDO 1R 1R 1R 1R 1R 1R 1R 
,QWHUQRGH 
$YHUDJH           
6'           
1RGH 
$YHUDJH           
6'           
 
7KHGHWDLOHG7K'UHVXOWVDUHLOOXVWUDWHGE\)LJ  
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)LJ7K'UHVXOWVLQ5/DQG7GLUHFWLRQV  
7KHPHDVXUHPHQWSRVLWLRQVUHYHDOHGRQO\REYLRXVGLIIHUHQWGDWDLQWKH5GLUHFWLRQLQ
FRQWUDVWWRWKH7DQG/GLUHFWLRQV7KLVLVGXHWRWKHDQDWRPLFDOFKDUDFWHULVWLFVRI
0RVREDPERR7KHEXONGHQVLW\GDWDVKRZDQLQFUHDVLQJWUHQGIURPWKHH[WHUQDOWR
WKHLQWHUQDOVXUIDFHRIWKHEDPERRFXOPZDOO+XDQJHWDO 
7KHGHQVLW\DQGSRURVLW\KDYHEHHQTXDQWLILHGE\DSUHYLRXVVWXG\7KHGHQVLW\
RIWKHVSHFLPHQVYDULHVIURPWRNJP7KHVNHOHWDOGHQVLW\RI0RVR
EDPERRYDULHGIURPWRNJP+XDQJHWDO7KHSRURVLW\FDQEH
FDOFXODWHGE\(TXVLQJWKHDYHUDJHVNHOHWDOGHQVLW\YDOXHDVWKHLQSXW7KH
UHODWLRQVKLSEHWZHHQWKHSRURVLW\DQGWKH7K'YDOXHVDUHLOOXVWUDWHGE\)LJ  
)LJ7KHUHODWLRQVKLSEHWZHHQSRURVLW\DQG7K'  
3RURVLW\FDQEHUHJDUGHGDVDNH\IDFWRUWRLQIOXHQFHWKH7K'RIWKH0RVR
EDPERR+LJKHUSRURVLW\FDQOHDGWRDKLJKHULQWHUQDOVXUIDFHDUHDZKLFKSURYLGHVD
ODUJHUDUHDIRUKHDWSURSDJDWLRQ,QFUHDVLQJSRURVLW\FRXOGEHUHJDUGHGDVDVLJQRI
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7K'GHFUHDVLQJ$VLPLODUYLHZKDVEHHQYRLFHGE\VRPHSUHYLRXVUHVHDUFKRQSRURXV
PDWHULDOV=DODPHGDDQG:LQIUHH7KRPVRQ7KH7K'YDULDWLRQLVDOVR
DWWULEXWHGWRWKHWLVVXHVWUXFWXUHDQGLQWHUFRQQHFWLYLW\RISRUHV7KH7K'RIEUHDGLVD
W\SLFDOH[DPSOHRIDPDWHULDOZLWKKLJKLQWHUFRQQHFWLYLW\=DQRQLDQG*LDQRWWL
%HFDXVHWKHZDWHUFRQWHQWRIWKHVSHFLPHQVLVDVVXPHGWREHDQHJOLJLEOHIDFWRURQO\
WZRSKDVHVH[LVWLQEDPERR7KHJDVSKDVHLVWKHDLURIZKLFK7K'UDQJHVIURP
îWRîPV:DQJDQG0DQGHOLV7KHVROLGSKDVHLVWKHFHOO
ZDOO7KHUHVXOWVRIWKLVVWXG\LPSO\WKDWWKH7K'RIWKHEDPERRFHOOZDOOLVPXFKOHVV
WKDQWKDWRIDLU,IRQHMXVWFRQVLGHUVWKHIUDFWLRQUDWLRUHJLRQVVDPSOHVZLWKKLJK
SRURVLW\DQGKLJKLQWHUFRQQHFWLYLW\ZLOOSURYLGHKLJK7K'YDOXHV+RZHYHUWKH
UHVXOWVRIWKLVVWXG\DUHQRWLQDJRRGDJUHHPHQWZLWKWKLVDVVXPSWLRQ7KH
LQWHUFRQQHFWLYLW\RI0RVREDPERRLVQRWODUJHHQRXJKWRFRXQWHUDFWWKHLQIOXHQFHRI
WKHKLJKSRURVLW\)RU0RVREDPERRSRURVLW\LVPRUHGHFLVLYHWKDQLQWHUFRQQHFWLYLW\
LQWHUPVRIWKH7K' 
0RVREDPERRVSHFLPHQVLQWKH/GLUHFWLRQKDYHKLJKHU7K'YDOXHVWKDQWKH
VSHFLPHQVLQWKH7GLUHFWLRQVDQGWKHVSHFLPHQVIURPPLGGOHDQGLQWHUQDOSRVLWLRQVLQ
WKH5GLUHFWLRQ7KHH[SODQDWLRQLVJLYHQLQWKHFRPSXWHGWRPRJUDSK\&7LPDJH
DQGEDFNVFDWWHUHGHOHFWURQ%6(LPDJHVLQ)LJ$QDWRPLFDOO\YHUWLFDOO\JURZQ
ILEUHVSURYLGHGVKRUWHUURXWHVIRUKHDWSURSDJDWLRQZKLOHWKHYDVFXODUEXQGOHYHVVHOV
DOORZHGPRUHLQWHUFRQQHFWLYLW\IRUDLU)LJDDQGF7KH)LJELOOXVWUDWHVWKDWWKH
URXWHRIKHDWSURSDJDWLRQZDVWKRXJKPRUHFRPSOH[URXWHVLQ5DQG7GLUHFWLRQVWKDQ
LQWKH/GLUHFWLRQ 
 
 
 
)LJD&7LPDJH5/VHFWLRQYLHZE%6(LPDJH57VHFWLRQYLHZF%6(LPDJH
5/VHFWLRQYLHZ 
$OWKRXJKWKHIODVKPHWKRGZDVGHYHORSHGIRUKRPRJHQRXVPDWHULDOVLWVDSSOLFDWLRQ
IRUZRRGDQGEDPERRLVDOVRUHSRUWHG+DUDGDHWDODQG:XHWDO7R
PDNHWKHVSHFLPHQVHIIHFWLYHO\KRPRJHQRXVWKLVVWXG\WRRNWKHIROORZLQJVWHSV
)LUVWO\WKHWKLFNQHVVRIWKHVSHFLPHQZDVFXWLQWRDUHODWLYHVPDOOVL]H7KHWKLQ
WKLFNQHVVPLQLPL]HGWKHGHQVLW\YDULDWLRQDVPXFKDVSRVVLEOH6HFRQGO\WKHZDWHULQ
WKHVSHFLPHQVZDVHOLPLQDWHGWRDYRLGDQ\XQGHVLUHGLQIOXHQFHRIZDWHU7KLUGO\WKH
VXUIDFHVRIWKHVSHFLPHQVZHUHVDQGHGZLWKYHU\ILQHVDQGSDSHU 
 
 
 
 
&RQFOXVLRQV 
7KH7K'RIWKH0RVREDPERRVSHFLPHQVZDVPHDVXUHGE\DIODVKWXEHV\VWHP7KH
VSHFLPHQVZHUHPHDVXUHGLQDOOGLUHFWLRQVRIWKHF\OLQGULFDOFRRUGLQDWHV\VWHPDWERWK
LQWHUQRGHSDUWVDQGQRGHSDUWV2EYLRXVGLIIHUHQFHRI7K'UHVXOWVEHWZHHQ
PHDVXUHPHQWSRVLWLRQVZDVIRXQGLQWKHUDGLDOGLUHFWLRQ7KHUHPDUNDEOHGLIIHUHQFHV
LQSRURVLW\DQGFRPSOH[LW\RIWKHKHDWSURSDJDWLRQDUHDLQWKH5GLUHFWLRQDUHUHJDUGHG
DVIDFWRUVZKLFKLQIOXHQFHWKH7K'+LJKHU7K'YDOXHVZHUHPHDVXUHGIRUVSHFLPHQV
LQWKHORQJLWXGLQDOGLUHFWLRQUDWKHUWKDQWKHVSHFLPHQVLQWKHWDQJHQWLDOGLUHFWLRQVDQG
WKHVSHFLPHQVIURPPLGGOHDQGLQWHUQDOSRVLWLRQVLQWKHUDGLDOGLUHFWLRQ7KLV
SKHQRPHQRQFDQEHDWWULEXWHGWRYHUWLFDOO\JURZQILEUHVDQGSHUPHDEOHYDVFXODU
EXQGOHYHVVHOVLQWKHORQJLWXGLQDOGLUHFWLRQ  
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